[1] During the last 50 years, the Antarctic Peninsula has experienced rapid warming with associated retreat of 87% of marine and tidewater glacier fronts. Accelerated glacial retreat and iceberg calving may have a significant impact on the freshwater and nutrient supply to the phytoplankton communities of the highly productive coastal regions. However, commonly used biogenic carbonate proxies for nutrient and salinity conditions are not preserved in sediments from coastal Antarctica. Here we describe a method for the measurement of zinc to silicon ratios in diatom opal, (Zn/Si) opal , which is a potential archive in Antarctic marine sediments. A core top calibration from the West Antarctic Peninsula shows (Zn/Si) opal is a proxy for mixed layer salinity. We present down-core (Zn/Si) opal paleosalinity records from two rapidly accumulating sites taken from nearshore environments off the West Antarctic Peninsula which show an increase in meltwater input in recent decades. Our records show that the recent melting in this region is unprecedented for over 120 years.
Introduction
[2] Direct observations of the West Antarctic Peninsula (WAP) have revealed rapid atmospheric and ocean warming together with glacial retreat and ice shelf collapse [Cook et al., 2005; Meredith and King, 2005; Pritchard and Vaughan, 2007; Vaughan and Doake, 1996] . Furthermore, the Antarctic Circumpolar Current pumps modified, nutrient-rich, oxygen-poor warm water from the Upper Circumpolar Deep Water (UCDW) onto the continental shelf along the WAP below 200 m [Domack et al., 1992; Smith et al., 1999] . Warming of the Antarctic Deep Water in recent years [Clarke et al., 2007; Robertson et al., 2002; Smedsrud, 2005] and changes in the frequency at which deep water floods the continental shelf may contribute to further glacier ice shelf instabilities through basal melting.
[3] Whether the recent glacial retreat is a result of global warming is controversial because the observational record is limited to the last half century. Geological proxies in rapidly accumulating sediments are required to extend observational records back farther. Sediment and diatom assemblage records from along the length of the WAP show that variability in ice shelf extent, including glacial retreat and basal melting, has occurred over the Holocene [Bentley et al., 2005; Clapperton and Sugden, 1982; Pudsey and Evans, 2001; Smith et al., 2007a] . However, in this context, it is unclear if the recent observations represent continued retreat after the late Holocene Little Ice Age (LIA), a period of widespread cooling ending in circa 1850. The significance and timing of any LIA in the Southern Ocean is difficult to establish [Anderson, 1999] , although some evidence indicates more persistent sea ice and cooler temperatures at this time, coincidental with glacier advance near the Muller Ice Shelf [Domack et al., 1995] . The retreat of glaciers through enhanced meltwater flux and increased calving of icebergs may change the freshwater budgets, nutrient levels, and stratification of coastal seas [Dierssen et al., 2002; Smith et al., 2007b] . However, there are few dated geochemical records to supplement the sedimentary and paleontological evidence for glacial retreat. Frequently used paleoproxies for surface temperature, salinity, and nutrient conditions are based on foraminiferal calcite. However, WAP coastal sediments are carbonate free, so we test and apply the trace metal content of diatom opal as a measure of the changing surface water chemistry in a nearshore setting.
Background to Approach
[4] Diatom tests or frustrules are formed from hydrated amorphous silica or opal (SiO 2 ÁOÁ3H 2 O, [Shemesh et al., 1988] ) into which trace quantities of metals such as aluminum and zinc are incorporated [Ellwood and Hunter, 1999; Van Bennekom, 1981] . The trace metal content of diatom opal records the availability of trace metals in ambient seawater [Ellwood and Hunter, 2000a; Froelich et al., 1992; D. Spoffarth, Oxford University, unpublished data, 2008] . Although aluminum can become secondarily incorporated during diagenesis [Van Bennekom et al., 1989; van Beueskom et al., 1997] , the uptake of Zn into opal, expressed as (Zn/Si) opal , is thought to faithfully record the ambient concentration of free zinc ions, [Zn 2+ ], in the seawater in which the diatoms grew [Ellwood and Hunter, 2000a, 2000b] .
[5] The use of trace metal proxies in diatom opal is hampered by the need for separation of frustrules from clays and rigorous cleaning. Diatom tests are of similar size to silt particles and cannot be separated simply by filtration.
However, biogenic opal is of lower density (<2.16 g cm À3 ) than lithic minerals (>2.5 g cm À3 ) and can be separated through the use of differential settling [Shemesh et al., 1988] .
[6] Here we demonstrate a heavy liquid flotation technique to separate and clean diatom opal from lithic sediments and a ratio method that allows precise and accurate measurement of (Zn/Si) opal using quadrupole inductively coupled plasma mass spectrometer (Q-ICP-MS). Our core top calibration illustrates the use of (Zn/Si) opal as a proxy for mixed layer salinity and two down-core records from a nearshore setting off the WAP. A 210 Pb advection-diffusion model is used to assess sedimentation and bioturbation rates. This mixing model is then used to reconstruct changes in (Zn/Si) opal through time. Our results indicate that recent meltwater flux has lead to a decrease in seawater salinity and enhanced micronutrient availability, which is unprecedented since the end of the LIA.
Methods and Materials

Sampling Procedure
[7] The study site, Marguerite Bay, is located near Adelaide Island and the British Antarctic Survey Rothera Research Station (Figure 1 ). As part of an Antarctic Funding Initiative project in collaboration with the Rothera Biogeochemical Time Series, we collected a suite of boxcores of rapidly accumulating sediments from Marguerite Bay, near Adelaide Island (WAP) (Figure 1) . We employed the technique of allowing the box-corer to settle into the sediments before retrieval to collect the surface layers intact. The presence of a phytodetrital fluff layer on the surface of the box-cores confirmed minimal disturbance. The cores were frozen for transportation back to the United Kingdom. There, opal was separated and cleaned from all the box-core tops, and down core every centimeter for two of the cores (BC388 and BC390), located near the sites of two sediment trap moorings deployed in Marguerite Bay. In addition to box-coring, two moorings were deployed in Marguerite Bay (Figure 1) , each of which comprised two sediment traps and a suite of oceanographic instruments. The sediment traps were configured to collect sediment at fortnightly to bimonthly periods throughout 2005 -2006 . Homogenized splits were obtained from the recovered trap bottles for analysis.
Separation of Diatom Opal From Sediments
[8] Diatom opal was separated from sediments using a protocol adapted from work by Morely et al. [2004] . Briefly, opal is removed from carbonate and organic free sediment by heavy liquid flotation (Sodium polytungstate, LST FastFloat). The opal is rinsed thoroughly and cleaned using a series of reductive and oxidative cleaning steps, rinsed several times in ultrapure water, and then dissolved in 1% Teflon-distilled HF [Ellwood and Hunter, 1999; Shemesh et al., 1988] .
Analysis of Opal
[9] Analysis was carried out using an approach adapted from a ratio method for calcite analysis [Harding et al., 2006] on the Perkin Elmer Elan 6100DRC Q-ICP-MS at the University of Oxford (Auxiliary Material 1 ). When this ratio method is used for studying metal/Ca ratios in foraminiferal calcite, trace elements and Ca are assessed simultaneously by measuring a minor isotope representing <1% of natural Ca to prevent saturation of the detector [Harding et al., 2006] . However, there is no suitable isotope of Si for this purpose. Instead, a two-step process is used, taking advantage of the relatively high concentrations of Al in diatom opal from coastal sediments: (1) the (Al/Si) ratio is measured in a diluted aliquot of sample (10 -20 ppm Si), and (2) the metal/Al ratio is measured in a separate aliquot of the same sample (100-200 ppm Si). The metal/Si ratio is then calculated by multiplication,
[10] It is important to note the incorporation of Al in sedimentary diatom opal is highly variable and significantly affected by diagenesis [Dixit et al., 2001; van Beueskom et al., 1997] , which limits the use of (Al/Si) opal as a paleoceanographic proxy. However, here we are not aiming to interpret the (Al/Si) opal data but to use them to obtain (Zn/Si) opal through simultaneous measurements.
Testing the Method
[11] We can demonstrate our approach yields robust measurements of (Zn/Si) from cleaned diatom opal. Four requirements must be met for this method to successfully measure Zn in diatom opal. First, the cleaning procedure must separate opal from clay particles. Scanning electron microscope (SEM) images show the particles to be clean; in particular, the intricate frustrule pores are clear of particulates (Figure 2 ). In addition, sequential leaching experiments were carried out on core top material. Dilute HF was added to the cleaned sample in an acid-cleaned centrifuge tube, sonicated, and left at room temperature. After 30 min, the tube was centrifuged for 1 min and the supernatant was removed, fresh HF was added, and the procedure was repeated. Aliquots of the supernatant were kept and immediately diluted with 1% HNO 3 for analysis as in section 3.3. The dissolution experiments show that (1) Al decreases to a plateau after $20% dissolution, suggesting the persistence of a surface aluminosilicate ''contaminant phase,'' which can be removed by a prewash of HF (Auxiliary Material), and (2) Zn is not impacted by dissolution (Figure 3 ). The intensities of some possible contaminant metals were also measured. Ca, Fe, Mg, and U intensities fell with degree of dissolution. Ba and Mn showed no consistent behavior as the sample dissolved but were generally low ($1 and $1-10 mmol mol À1 Si, respectively) (Auxiliary Material) and in [Dehairs et al., 1980; Gonneea and Paytan, 2006; Ho et al., 2003; Martin and Knauer, 1973] . Cd was rarely above the limit of detection. Hence average (Zn/Si) opal ratios are measured routinely from samples that have undergone 20% dissolution to remove the initial contaminant phase. The nature of this contaminant phase in the opal samples is not clear. Studies of opal surface chemistry suggest Al is only adsorbed at neutral to high pH [Dixit and Van Cappellen, 2002] , and recent investigation of opal surfaces using energy dispersive X-ray spectrometer spot analysis suggests against surface coatings [Lal et al., 2006] . Unlike Fe and Mn, Zn intensities do not correlate with Al, suggesting the metals do not share a similar source (e.g., Figure 7 ). This confirms we are measuring the Zn content of the opal, rather than any clay contaminant or other adsorbed material.
[12] Second, the opal must be dissolved cleanly without any loss of Si. Opal can be dissolved in three reagents: NaCO 3 , NaOH, and HF. The addition of both NaCO 3 and NaOH leads to a (1) a high-Zn blank and (2) high-Na matrix which may result in analytical imprecision using Q-ICP-MS. The Na matrix would require removal through ion exchange, increasing the risk of Zn contamination. Hence it was decided to dissolve the samples in HF. Two reactions are possible during the addition of HF to silica, resulting in either the formation of silicon tetrafluoride or hexafluoride (SiF 4 and SiF 6 , respectively). The formation of volatile SiF 4 may lead to loss of Si from solution and is undesirable for this method. The formation of the more soluble SiF 6 is favored by using dilute solutions of HF in excess and reacting at low temperatures [de la Rocha et al., 1996] . Theoretically, when dissolving hydrated amorphous silica in HF, the silicofluoride ions remain in solution, provided the system remains below boiling temperature [Dolezal et al., 1968] . For each sample, no more than 2 mg of silica was used and reacted with 0.25 N HF (1% Teflon-distilled HF diluted with Milli-Q water) in excess at room temperature. Tests indicate that, within error, this method yields 100% Si (Auxiliary Material).
[13] Third, the external reproducibility of the method was assessed by measuring both in-house and reference standards. Within-analysis reproducibility was found to be $0.6%, and long-term reproducibility, measured over the period of 12 months, was found to be $2% (Auxiliary Material).
[14] Fourth, we can show a good level of reproducibility between samples from the same locality and depth which have undergone the full cleaning and dissolution procedure entirely separately. Repeat measurements of core top material agree well with dissolution experiments (Figure 3 ).
[15] Our sediment trap and box-core (Al/Si) opal and (Zn/Si) opal values range within published values determined from a variety of methods, providing an additional line of evidence suggesting that the processed opal is sufficiently clean. In particular, the aluminum results, which might be expected to be most affected by clay contamination, correspond well with values from microprobe analysis of core top material [van Beueskom et al., 1997] . (Zn/Si) opal values are similar to down-core records from the Southern Ocean [Ellwood and Hunter, 2000b; K. R. Hendry and R. E. M. Rickaby, unpublished data, 2008] and are lower than recent published values for down-core opal [Lal et al., 2006] . From all of the above, we have demonstrated our ability to measure the true Zn content of sedimentary opal, and our measurements are robust and repeatable.
The 210 Pb Dating
[16] The productive summer months and proximity to glaciers yield rapid accumulation of sediments. These high-sedimentation rate cores are ideally situated to preserve a record of recent glacial retreat and its impact on the micronutrient chemistry of the coastal surface waters over centennial timescales. However, these cores were taken from relatively shallow waters (Table 1 ) and may experience significant mixing by bioturbation. Lead 210 dating can be used, along with a simple advection-diffusion model, to assess sedimentation and mixing rates.
[17] Lead 210 dating of core material from BC388 and BC390 was carried out at the University of Sussex, United Kingdom (Auxiliary Material [Kim and Burnett, 1988] . Lead 210 for more than 100 years in the sediments and exhibits an exponential profile which approximates the depth of the mixed layer [Buffoni et al., 1992; Henderson et al., 1999; Nozaki et al., 1977; Peng et al., 1979] . The opal is separated from the sediments using a heavy liquid flotation, rinsed thoroughly, then cleaned using a series of reductive and oxidative cleaning steps. Scale bar shows 10 mm. [19] The sedimentation and bioturbation processes can be modeled by diffusion and advection, respectively. The model assumes that there is no nonlocal mixing (i.e., discontinuous mixing processes), which is reasonable given the simple activity-depth profile. In addition, it is assumed the 210 Pb xs profile does not change with time and that sediment porosity is constant with depth [Henderson et al., 1999] .
[20] The 210 Pb xs activity follows the equation [Anderson et al., 1988] 
where D is the mixing rate (cm 2 a À1 ), A is the 210 Pb xs activity, z is the depth (cm), w is the sedimentation rate (cm a À1 ), and l is the decay constant for lead 210 (0.0311 a
À1
).
The solution to this equation is
where A 0 is the 210 Pb xs activity at the sediment-water interface. Exponential curves were fitted by least squares to BC388 and BC390 to obtain values for w and D in Marguerite Bay. Errors were estimated by substituting extreme values for surface activity, A 0 . For BC388, w = 0.14 cm a À1 (±0.10), and for BC390, w = 0.13 cm a À1 (±0.08). The maximum ages for the core bases calculated using these sedimentation rates are 214 (±90) years for BC388 and BC208 (±80 years) for BC390.
Other Analyses
[21] Simple grain size analysis was carried out on BC388: Two weighed samples were taken from each depth, sieved at 63 mm, and reweighed to calculate the percentage coarse fraction. Clay mineralogy was analyzed using energy dispersive X-ray (EDX) and X-ray diffraction (XRD) (Department of Materials Science, Begbroke, Oxford) on dried, powdered samples from box-core BC388. Species counts were carried out on opal, which had been separated using the heavy liquid method, by point counting following published protocol [Burckle and Cirilli, 1987; Burckle et al., 1982] . These counts may suffer from bias if some of the smaller or denser species (e.g., Chaetoceros resting spores) are lost during the separation procedure and hence should not be considered as true population analyses.
Results and Discussion
Core Top and Sediment Trap Calibration
[22] Box-core top opal show values of (Al/Si) opal from 0.002 to 0.027 g g À1 and (Zn/Si) opal from 1.2 to 9.2 mmol mol À1 ( Figure 5 and Table 1 ). Sediment trap (Al/Si) opal and (Zn/Si) opal results range from 0.00002 to 0.0003 g g À1 and 3.6 to 27 mmol mol À1 , respectively (Table 1) . Both the sediment trap and core top values compare well with published values [Collier and Edmond, 1984; Ellwood and Hunter, 2000b; van Beueskom et al., 1997] .
[23] In the Marguerite Bay region, the sediment trap and core top (Zn/Si) opal analyses show a strong correlation with mixed layer salinity ( Figure 5 ). This relationship is also consistent with additional data from other Southern Ocean core tops [Ellwood and Hunter, 2000b; K. R. Hendry and R. E. M. Rickaby, unpublished data, 2008] .
[24] The impact between freshwater and the availability of organic ligands which dominate Zn complexation in seawater provides the most likely explanation for the relationship between (Zn/Si) opal and salinity. However, there are two alternative hypotheses for the mechanism behind our salinity proxy. First, freshwater sources could dominate Zn input into the Southern Ocean. Field studies based in the Alps show that subglacial water can be a significant source of Zn to stream waters [Mitchell et al., 2001] . There are limited data for Antarctica, but one study in the Ross Sea showed elevated Zn content of glacial meltwater [Sheppard et al., 1997] . A simple mass balance model can be used to assess the impact of freshwater inputs on total Zn concentrations (equation (4)),
where f FRESH is the fraction of meltwater, S FRESH is the salinity of freshwater (taken as 0.5), and S CDW is the salinity of UCDW (taken as 34.6) [Meredith et al., 2008] . Equation (4) was solved for the fraction of freshwater input, f FRESH , and the resulting Zn concentration was calculated assuming [Zn] of UCDW waters to be 5 nM [Löscher, 1999] , and [Zn] of meltwaters was calculated to range from [Zn] in snow (0.15 nM) [Boutron et al., 1990 ] to 5.4 nM [Sheppard et al., 1997] . Even the highest estimate of meltwater Zn content results in an onshore-offshore [Zn] decrease of less than 1%. In contrast, our (Zn/Si) opal results are consistent with 1 order of magnitude increase in [Zn 2+ ], which suggests total input of dissolved Zn from meltwaters is unlikely to be significant.
[25] Second, freshwater input enhances growth rates, which could also increase the rate of Zn uptake into opal. In Marguerite Bay, there is a close coupling of salinity and biological productivity ( Figure 5 ). Phytoplankton production is controlled, at least in part, by freshwater input from glacier melting and calving because of the supply of nutrients to the surface waters and the contribution to the vertical stability of the water column [Dierssen et al., 2002] . Zn is an essential element for diatom photosynthesis [Morel and Price, 2003] , so higher growth rates could result in an increase in cellular uptake of Zn 2+ and incorporation of Zn into opal [Ellwood and Hunter, 2000a] . Furthermore, inputs of micronutrients, in particular iron, from coastal sources could decrease silicic acid pumping, resulting in thinner frustrules and higher N:Si and C:Si uptake ratios [Brzezinski et al., 2002; . Increased productivity resulting from micronutrient input could increase (Zn/Si) opal ratios if Zn pumping is increased with C and N uptake. Indeed, our preliminary findings from sediment trap opal show a clear seasonal trend in (Zn/Si) opal , increasing during the summer months when both growth rates and meltwater input are greatest. However, when all the available core top and sediment trap data are compiled, there is a more significant correlation between mixed layer salinity than chlorophyll a, suggesting the impact of meltwater on seawater complexation is the more dominant control on opal chemistry (K. R. Hendry and R. E. M. Rickaby, unpublished data, 2008) . Regardless, the upturn in (Zn/Si) opal signifies enhanced melting because productivity is tied so closely to meltwater production in this region through the release of nutrients and water column stratification. . Correlation between chlorophyll a and mixed layer salinity from January 1997 [Smith et al., 1999] and (Zn/Si) opal for core tops. Mixed layer salinity (S) is related to (Zn/Si) opal by the equation S = À0.0828 (Zn/Si opal ) + 33.744.
[26] A Zn complexation gradient is a more likely mechanism to explain the observed onshore-offshore trend in (Zn/Si) opal . Zn speciation in seawater is poorly constrained, but is known to exist as free ions and bound in inorganic and organic complexes [Ellwood and van der Berg, 2000] . Salinity, temperature, and carbonate chemistry, which vary on a seasonal timescale, are known to be important factors for inorganic Zn speciation in seawater [Bruno, 1990; Stanley and Byrne, 1990] . However, a simple speciation model (visual MINTEQ) demonstrates the effects of temperature and pH changes are minimal on zinc speciation.
[27] Rather than inorganic complexation, free zinc [Zn 2+ ] is controlled to a greater extent by the abundance of organic ligands, which can bind up to 96-99% of dissolved zinc in seawater and are thought to be released by microbial degradation of organic matter [Ellwood, 2004; Ellwood and van der Berg, 2000; Muller et al., 2001; Skrabal et al., 2006] . Organically bound Zn is unlikely to be biologically available (M. Ellwood, personal communication, 2007) , although the lability of these natural ligands remains to be tested. In the North Atlantic, lower-salinity shelf waters have a lower concentration of ligands and a higher proportion of Zn 2+ ions than the higher-salinity open ocean [Ellwood and van der Berg, 2000] . In the case of Marguerite Bay, surface waters near the input of low-salinity melt may contain lower concentrations of ligands and a higher proportion of free zinc ions, which can then be incorporated into diatom cellular material. Hence we assume here the (Zn/Si) opal in this region is a secondary measure of salinity and that this relationship is due to the availability of organic ligands in seawater.
Down-Core History
[28] Down-core (Al/Si) opal and (Zn/Si) opal values from BC388 range from 0.007 to 0.028 g g À1 and 1.5 to 9.2 mmol mol mol
À1
, respectively. Trace metal ratios in opal from BC390 are generally lower but within the same range as BC388, with (Al/Si) opal and (Zn/Si) opal values from 0.002 to 0.008 g g À1 and 2.2 to 5.7 mmol mol
, respectively (Figure 6  and Tables 2a and 2b ). (Zn/Si) opal increases significantly up core for both cores, from a steady baseline of $2-3 mmol mol À1 to $8 mmol mol À1 at 3 -4 cm and $5 mmol mol À1 at 5 -7 cm for BC388 and BC 390, respectively. The range of (Zn/Si) opal ratios are of the order of changes observed over glacial-interglacial timescales [Ellwood and Hunter, 2000b] . The observed increase in (Zn/Si) opal in younger sediments implies an increase in free [Zn 2+ ] in Marguerite Bay of 1 order of magnitude [Ellwood and Hunter, 2000a] .
[29] There is no trend in (Al/Si) opal through time for either core. There is only weak correlation between Al and Zn intensities for both cores (Figure 7 ), suggesting only a small amount of variability may be a result of clay contamination. The frequency of coarser grain layers increases toward the top of core BC388 (Figure 8 ).
Modeling the (Zn/Si) opal History
[30] The (Zn/Si) opal profiles require an increase in recent decades in the (Zn/Si) opal of biogenic opal reaching the seafloor. Using a similar advection-diffusion model as described in section 4.1, it is possible to model a ''decay constant,'' R, for (Zn/Si) opal,xs, where the excess is defined as the difference between (Zn/Si) opal at depth z and the (Zn/ Si) opal asymptote toward the bottom of the core. This assumes the change in Zn content of opal with time is Figure 6 . (Zn/Si) opal down-core results (error bars ±2s) and species counts for (a) BC388 (squares) and (b) BC390 (circles). Chaetoceros resting spores and Thalassiosira species are the major contributors to the biogenic opal; Fragilariopsis curta and F. cylindrus are present at >3%, as expected in a seasonal sea ice environment.
exponential. Thus for time t, the predicted (Zn/Si) opal,xs ratio at depth z is Zn=Si opal;xs ¼ Zn=Si opal;0 e w À ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
[31] The values for the sedimentation rate, w, and mixing rate, D, are taken from the 210 Pb xs calculation (equation (3) and Figure 9 ). Sensitivity tests show that a similar (Zn/ Si) opal,xs profile can be achieved with the extreme values of w and D calculated from 210 Pb xs activity ( Figure 10 ) and can be used to estimate the error on R. This yields R values of 0.27 ± 0.05 and 0.043 ± 0.014 (mmol mol À1 ) a À1 for BC388 and BC390, respectively. The value of R could reflect (1) diagenetic loss of Zn from the opal or (2) a change in the (Zn/Si) opal for the silica raining to the seafloor. Assuming the latter, the (Zn/Si) opal reaching the seafloor at time t, (Zn/Si) opal,t , is given by
where (Zn/Si) opal,0 is the core top value. The error on the timing of the increase in (Zn/Si) opal reaching the seafloor can be assessed using the error of the R value. The model suggests the upturn in (Zn/Si) opal,t from approximately 2 to 10 mmol mol À1 in BC388 dates from the early to mid 1980s. The increase in BC390 from approximately 2 to 6 mmol mol À1 is more difficult to constrain and occurs from 1940 to Errors are given in parentheses (1s). least 120 years and perhaps as long as 300 years.
History of Changes in the Freshwater Budget
[32] The most likely explanation for the recent upturn in (Zn/Si) opal is an increased freshwater influence on surface water characteristics, resulting in enhanced micronutrient availability (i.e., free Zn 2+ ions). It is possible to argue against any postdepositional effects in controlling the recent rise in (Zn/Si) opal . Zn mobilization in sediments is largely controlled by oxidation state and the presence of Fe and Mn oxides [Keikens, 1995] . Observations of the cores show that the (Zn/Si) opal increase starts at greater depth than the oxidized top 2 -3 cm. EDX results for BC388 demonstrate no significant change in Fe or Mn down core. We have also performed incremental leaching on our diatom samples, which show that Zn is uniformly distributed in the opal, not lost preferentially during dissolution, and shows no correlation with Al (Figures 3 and 7) . Our sediment trap and core top (Zn/Si) opal results agree well ( Table 1) , demonstrating that the water column signal is the same as the core top. Therefore there can be no gain of Zn into diatom opal at the water-sediment redox boundary. In contrast, the (Al/Si) opal results show a marked increase from sediment trap to core top consistent with diagenetic alteration [e.g., Van Beueskom et al., 1997] .
[33] Our (Zn/Si) opal proxy for salinity indicates a trend of increased meltwater flux through time. However, artifacts may arise in the (Zn/Si) opal record as a result of changes in (1) diatom population structure or (2) anthropogenic heavy metal pollution. First, there is no species bias as (Zn/Si) opal does not show a relationship with any of the more abundant diatoms, e.g., Thalassiosira or Chaetoceros resting spores, which form the bulk of the biogenic silica (Figures 2 and 6 ). Although there are significant relationships between the (Zn/Si) opal and the sea ice diatoms Actinocyclus actinochilus, this species composes only a small percentage (<1%) of the whole assemblage and is unlikely to affect bulk (Zn/ Si) opal [Ellwood and Hunter, 2000b] .
[34] Second, an increase in Zn input could be explained by increased erosion and anthropogenic pollutants from nearby Rothera Point, as has been observed for other Antarctic research stations [Sheppard et al., 1997] . However, pollution is unlikely to be a significant factor as the research station was constructed in the 1970s before the sharp increase in (Zn/Si) opal , and our seawater analyses show no sign of contamination from the station wharf. The increase could also be a result of increased anthropogenic pollutants and dust input from the north [McConnell et al., 2007] . However, this would not explain the onshore-offshore trend in (Zn/Si) opal observed in the core top calibration, as all regions around Adelaide Island would be equally affected. Furthermore, snow and ice records demonstrate recent snowpack contains similar Zn content to Holocene ice and has not been contaminated by recent anthropogenic inputs [Boutron et al., 1990] .
[35] A recent increase in continental freshwater input and Zn uptake into opal is consistent with the onshore-offshore gradient of (Zn/Si) opal in the core tops, as well as with the significant increase in sediment coarse fraction (Figure 8 ) and the similarity to Southern Hemisphere temperature anomalies [National Environmental Satellite, Data, and Information Service, 2006] . Our XRD results indicate there is no concurrent change in mineral composition of the sediments down core, suggesting no significant change in chemical weathering processes or sediment source. Figure 10 . Sensitivity tests on (Zn/Si) opal model for (a) BC388 and (b) BC390. The Zn content of the opal reaching the seafloor, (Zn/Si) opal,t , is calculated using the range of (Zn/Si) opal decay rate (R) values from the 210 Pb advection-diffusion model (equations (5) and (6)). Here w is the sedimentation rate in centimeters per year. ). The (Zn/Si) opal,xs profile suggests an exponential increase in the Zn content of opal reaching the seafloor in recent years.
[36] Assuming our (Zn/Si) opal increase is a result of freshwater input (Figure 5) , this corresponds to a decrease in salinity at BC388 and BC390 by 0.7 and 0.4 psu, respectively. We have constructed a simple mass balance model to constrain the volume of additional meltwater to Ryder Bay above BC388 (Figure 11 ). We have assumed that (Zn/Si) opal is related to salinity according to our core top calibration. The model is consistent with a doubling of the freshwater contribution to the summer mixed layer since the early 1980s. Our data show that recent enhanced meltwater flux, probably from the Sheldon Glacier (Figure 1 ), is not a result of post-LIA warming but is more likely a response to late 20th century warming. The timing of this increase is consistent with observations from the nearby Wordie Ice Shelf, which has been retreating since the 1960s and experienced a major breakout between 1988 and 1989 [Vaughan and Doake, 1996] . Despite different degrees of basal friction and melting between tidewater glaciers and ice shelves, there may be a common factor influencing ice retreat in the Marguerite Bay region. Glacier acceleration has been documented as a result of the collapse of the ice shelves into which they feed [Rignot et al., 2005; Scambos et al., 2004] , but the Sheldon Glacier feeds directly into Marguerite Bay, which has experienced full glaciomarine conditions for approximately 6000 years [Bentley et al., 2005] . Instead, atmospheric warming may have caused net ablation for both ice shelves and glaciers in this region, providing a link between air temperatures and ocean nutrient supply. Both atmospheric and oceanic warming, for example, warming of UCDW in the case of WAP glaciers with floating termini, may be causing unprecedented changes in coastal freshwater and nutrient budgets. Our new approach can be utilized to investigate such changes in other high-latitude regions.
[37] Coastal regions are the most productive of the Southern Ocean, with primary productivity and carbon export fluxes at least 1 order of magnitude greater than the permanently open ocean [Smith and Nelson, 1986; Tréguer and Jacques, 1992] . The link between glaciers and coastal productivity has been shown in other regions of the Antarctic and Arctic [Dierssen et al., 2002; Garibotti et al., 2003; Jankowska et al., 2005] . Glaciers and icebergs can act as a source of macronutrients to seawater [Smith et al., 2007b] , and we argue here that they impact the complexation and bioavailability of trace metals. Meltwater also stabilizes the water column, providing favorable light and nutrient conditions for phytoplankton and allowing large diatom cells to accumulate before sinking rapidly, efficiently transporting organic carbon to the seafloor [Kemp et al., 2006] . In addition to shifting plankton population structure as a result of changes in ocean physicochemical properties , enhanced meltwater flux could drive an increase in coastal primary and export production.
Conclusion and Summary
[38] Diatom opal may have useful applications as paleoproxies in regions where biogenic carbonates are not preserved in marine sediments, such as the Southern Ocean, and here we demonstrate that (Zn/Si) opal can be used as a proxy for freshwater input. Opal can be separated from sediments using heavy liquid flotation and chemically cleaned through a series of reductive and oxidative steps for trace metal analysis. The following arguments demonstrate the method is reliable: (1) SEM images show the opal to be clean of clay particles, (2) sequential dissolution experiments show (Al/Si) opal and (Zn/Si) opal ratios plateau to a constant value, (3) poor correlation between Al and Zn intensities suggest the Zn is not sourced from clays or surface adsorption, (4) yield experiments demonstrate no Si is lost through the addition of dilute HF, and (5) repeat measurements show a high level of machine and sample reproducibility.
[39] A box-core top calibration from the coastal region of the West Antarctic Peninsula demonstrates a good relationship between (Zn/Si) opal and salinity and/or chlorophyll a. Two down-core records show changes in the (Zn/Si) opal through time, which we interpret here as showing a change in Zn complexation because of an increase in the freshwater input to the coastal waters in recent decades. The implication is that atmospheric and oceanic warming may be Theoretical values for (Zn/Si) opal for each year were calculated using the relationship described in section 4.1, assuming an exponential ''decay'' in (Zn/Si) opal given by R (equation (5)). Salinity was calculated using the correlation between our core top data and published salinity values, S = -0.0828 (Zn/Si) opal + 33.744 ( Figure 5) . A mass balance equation was solved for the fraction of freshwater input into Ryder Bay, f FRESH (equation (4)). Here f FRESH was corrected for contribution from precipitation and converted to fraction of meltwater, and f MELT was corrected for a summer mixed layer depth of 60 m [Meredith et al., 2008] . causing unprecedented changes in coastal freshwater and nutrient budgets. If, as we suspect is the case, the melting of glaciers and calved icebergs affects the bioavailability of trace metals such as Zn, an increase in meltwater flux may have a significant impact on coastal productivity.
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